Nonlinear complex-resistivity (NLCR) cross-hole imaging of the vadose zone was performed at the A-014 Outfall at the Savannah River Site, Aiken, SC. The purpose of this experiment was to fieldtest the ability of this method to detect dense nonaqueous phase liquids (DNAPLs), specifically tetrachloroethene (PCE), known to contaminate the area. Five vertical electrode arrays (VEAs) were installed with~15-ft (3 m) separations in and around the suspected source zone to depths of 72 ft (22 m), and measurements were carried out at seven nearest-neighbor panels. Amplitude and phase data were edited for quality and then inverted to form three-dimensional (3D) images. The comparatively small magnitude of the nonlinear resistivity Hilbert distortion allowed approximate linearized imaging of the 3D distribution of this quantity as well. Laboratory analysis of nearby soil contaminated in situ indicated that the NLCR response to the PCE-clay reaction is maximized near 50 mHz, leading to the development of a metric involving the phase and resistivity Hilbert distortion to infer the 3D distribution of PCE. Variations in PCE content were independently detailed at three drilling locations within the NLCR survey area using direct penetration-based soil-collection tools. Approximately 400 soil samples were collected and analyzed for chlorinated solvent mass composition at 1-ft (0.3-m) vertical intervals to compare with the NLCR-predicted distribution of DNAPL. The optimum performance for 1,000 mg/kg PCE was~80% detection (true positives) with~30% false alarms (false positives) at an effective resolution of 4 ft (1.2 m), or~1/4 of the interwell separation. When smoothed to 12-ft (3.7 m) resolution (comparable to well spacing), detection was 100% with just 12% false alarms. NLCR successfully predicted the general distribution of PCE at parts-perthousand soil-mass fractions, specifically widespread near-surface contamination and a zone of discontinuous stringers and pods below the source.
Introduction
Identification of subsurface organic contamination, particularly dense nonaqueous phase liquids (DNAPLs) is one of the highest priorities-and among the most difficult-for remediation of numerous sites (National Research Council, 1994) . Nonlinear complex resistivity (NLCR) is the only geophysical method that has been demonstrated in the laboratory to have high sensitivity to organic compounds, by detecting responses indicative of clay-organic electrochemistry (Olhoeft, 1985; Jones, 1997; McKinley, 2003) . However, direct detection of organics in the field has been elusive, in part due to the difficulty of obtaining robust measurements at very low contaminant levels in the presence of heterogeneous geological materials and cultural interference. In this paper, we report the first fully quantified geophysical characterization of DNAPL at parts-per-thousand soil-mass fractions.
In the complex-resistivity method, an electrical current is injected into a material and both the amplitude and phase of the voltage response are measured as a function of frequency (e.g., Wait, 1959; Zonge and Wynn, 1975; Sumner, 1976; Daily et al., 1998) . The ratio of the peak-to-peak amplitude of the current and voltage is the magnitude of a transfer function or complex resistance, which is converted to resistivity-a material propertywhen normalized by the geometry of the current and voltage electrodes. The phase shift between the current and voltage is a measure of the time shift between stimulus and response. Resistivity is a measure of the energy dissipated by the system and the phase shift is a measure of the amount of energy stored in the system. Chemical reactions are typical examples of charge (and through charge separation in space, energy) storage processes. Charge separation is also known as electrical polarization (hence the use of the term ''induced polarization '' or IP) .
Nonlinear responses reveal additional material properties (Olhoeft, 1979a (Olhoeft, , 1985 . Chemical reactions require a certain amount of energy to overcome barriers before the reaction may proceed, and they are limited in how fast they can occur by the speed of the reaction itself (kinetics limited) or the speed at which reactants and reaction products can move to and from the site of reaction (diffusion limited). The finite speeds result in frequency dependence, but the barriers result in nonlinearity. The total harmonic distortion (THD) at each frequency is the square root of the sum of the squares of the harmonic content in the response to a sine wave. If the real and imaginary parts of the complex resistivity as a function of frequency are not related to each other by the Hilbert Transform, then the discrepancy may be used to characterize another, independent characterization of nonlinearity called Hilbert distortion (HD: Olhoeft, 1979a Olhoeft, , 1985 . Measurement of the THD and HD are the discriminating elements in nonlinear complex resistivity (NLCR) in addition to the resistivity magnitude and phase from linear complex resistivity.
Site Description Some 1.4 million pounds (6.4 3 10 5 kg) of solvents were discharged at the A-014 Outfall (Fig. 1a) of the Savannah River Site (SRS) during the period 1952-1979, after which discharge was stopped (Jackson et al., 1999) . The solvents were principally tetrachloroethene (PCE) but included some trichloroethene (TCE) and trichloroethane (TCA). Solvents were originally released in batches through a process sewer directly to a small creek at rates exceeding one million gallons (~4 3 10 6 liters) per day. Part of the site was subsequently leveled for a road and a concrete pipe was added to carry the effluent a further 100 ft (30 m) down the creek bed. Rain storms during our field test resulted in flows of~2,000 gpm (~8,000 lpm) from the original process outfall, hampering data acquisition.
The depth to the water table at the A-014 site is approximately 120 ft (37 m). A pump-and-treat system for remediation of the saturated zone has been in operation since 1985 and a soil-vapor extraction system was installed between 1987 and 1995. However, the locations of source zones in both the unsaturated and saturated zones are still incompletely characterized. Phreatic-zone contamination is widely dispersed around and beyond the site, indicating extensive mobility due to groundwater flow (Jackson et al., 1999) . Vadose-zone contamination has been discovered in several shallow borings but has not revealed any obvious pattern (Rossabi et al., 2003) .
Cone penetrometer (CPT) logs were available from a previous, nearby crosshole NLCR survey (Grimm and Olhoeft, 2001) . Robertson Soil Classification from the mechanical logs indicated that bedding is nearly horizontal and contiguous over the lateral scale of that survey (about 60-ft or 20-m square). The closest borings between the previous and present surveys are separated by~80 ft (24 m), so the lithology is assumed to be representative of the present survey as follows (Fig. 1b) : below heterogeneity in the very near surface, clay is found to a depth of about 20 ft (6 m). A 30-ft (9-m) thick sand is present below, the most massive unit in the study area. Variations in CPT tip stress suggest there are minor lithological variations that are subsumed in the Robertson sand category. A 15-ft (4.6-m) thick zone of interbedded coarse-and fine-grained materials exists from 50 to 65 ft (15-20 m) depth; there is a distinct thin sand within this unit near 60-ft (18 m) depth. Another sand body is present from 65 to 80 ft (20 to 24 m) depth. This sequence is in good agreement with earlier observations, as expected for such a well-stratified site. The finegrained units at 50-ft (15-m) and 80-ft (24-m) depths correspond to the ''300-ft [above MSL] clay'' and ''270-ft clay'' units described in Eddy et al. (1991) and Jackson et al. (1999) . The near-surface clay likely corresponds to the ''325-ft clay.'' Electrical resistivity logs from the CPT serve as a guide to the general signatures expected in the field. It should be noted that the CPT tool operates at 1 kHz whereas most useful NLCR data are acquired below 1 Hz. The clayrich units are less resistive (,1,000 -m) and the sand-rich units are more resistive (.2,000 -m). The top 5 ft (1.5 m) is extremely heterogeneous due to the dominance of rip-rap and other fill materials. The resistivity transition between the shallow clay and the 20-ft (6-m) sand was very gradational, probably due to downward percolation of water across that boundary. The sharpest electrical contrast occurred at both boundaries of the deep sand unit, 65 and 80 ft (20 and 24 m). The thin sand at~60 ft (18 m) was evident in the electrical log.
Laboratory NLCR
Subsurface samples were obtained from three borings at the SRS A-014 Outfall performed~16 months prior to and within distances of~100 ft (30 m) from the cross-hole NLCR survey reported here. Laboratory NLCR measurements on these samples were carried out using equipment and procedures as described in Olhoeft (1979a, b) with the fourth-generation hardware and software as described in Jones (1997) . In brief, the samples were placed in teflon sample holders with four bright platinum #52 mesh electrodes sandwiched between the three teflon sample sections. A current sine wave was applied to the outer pair of electrodes and the voltage response was measured across the inner pair of electrodes. A pair of phase-locked frequency synthesizers provided the source current and the trigger to digitize the current and voltage. Current was measured by the digitized voltage across a precision decade resistor in series with the sample. A matrix-inversion fit to the waveforms (fundamental sine wave and harmonics) produced the parameterization of amplitudes and phases and the total harmonic distortion (Olhoeft, 1979a) . A derivative error analysis using the standard deviations to the fit yielded quality indicators as errors in resistance and phase. The geometry of the sample holder was applied to convert the measured resistance into resistivity. A further matrix inversion of the frequency dependence of the real and imaginary parts of the NLCR yielded the deviation from the Hilbert Transform to give the Hilbert distortion nonlinear indicator (Olhoeft, 1979a (Olhoeft, , b, 1985 . The system measured an opened and a shorted sample holder to determine and remove the inductive and capacitive coupling between the wires connecting the measurement system to the sample holder and to remove the input impedance of the system. Laboratory studies (e.g., Olhoeft, 1985; Jones, 1997) have shown the existence of linear and nonlinear complex resistivity spectral signatures caused by the reactions of organic chemicals with clay minerals. However, such signatures have been found to vary considerably in detailed character depending upon the type of clay mineral and organic chemistry involved at a site. This requires materials be measured in the laboratory to determine whether or not NLCR-observable clay-organic reactions exist at all and what they look like.
Using NLCR, infrared reflectance spectroscopy and X-ray diffraction (XRD) laboratory measurements, McKinley (2003) showed that there is no distinguishing NLCR spectra for SRS sandy core samples with and without PCE or TCE, nor for samples containing non-smectite clay minerals with and without PCE or TCE. However, NLCR can distinguish soils without clay from those with clay, and when the soil contains smectite clay, NLCR can distinguish PCE contaminated soil from uncontaminated soil.
Because PCE is relatively easy to remove from nonclay sands but very difficult to remove from clay-bearing sands, NLCR is a significant indicator not only of PCE contamination, but also of contaminated clay remediation problems. A similar finding was made at Hill AFB, Utah, where PCE was found to react with clay slurry containment wall clay materials, and NLCR was used to map the location of PCE breach of containment (Olhoeft and Wardwell, 1998) .
At SRS, the XRD indicates the presence of several clay minerals in the core acquired. The NLCR spectra (Fig.  2 ) of these cores only displayed a distinguishing characteristic when both PCE and smectite clay minerals were present (Fig. 3) . The amount of smectite clay was detectable by XRD but below the easily quantifiable limit for XRD (,5%). The high surface area of smectites (hundreds of times that of typical sands) means only a fraction of a percent smectite can completely coat grain surfaces in a sandy soil. Because the NLCR is mostly responding to the reaction chemistry at the water-mineral surface interface, a fraction of a percent of the highly surface reactive smectite clay with a few parts per million PCE are sufficient to produce a distinguishing NLCR spectral signature. There is evidence from other samples elsewhere at SRS (Grimm and Olhoeft, 2001) , that even lower concentrations of PCE are detectable in the laboratory, but noise, interference, and dilution effects would raise the detectable levels in field measurements. Furthermore, surface-reaction processes will cause observed effects to saturate as the clay mineral surface is fully covered with organic chemical, so there will be a maximum NLCR response beyond which no additional contamination would cause further change. This appears to occur at the mg/kg (ppm) level at SRS.
Field Geometry and Electrode Installation
Five vertical-electrode arrays (VEAs) were installed near the former discharge point at the expected source zone. The VEA positions formed a string of adjacent equilateral triangles approximately 15 ft (3 m) on a side; with the long axis of the string perpendicular to the original surface drainage ( Fig. 1) , so that efficient spatial coverage intercepting the most likely DNAPL migration could be obtained. The nomenclature MES-6 through MES-10 sequentially follows the four VEAs and one sample boring in a previous survey (Grimm and Olhoeft, 2001) .
Each array was 72 ft (22 m) long with electrodes spaced at 4-ft (1.2-m) intervals; the first electrode was at 4-ft depth yielding a total of 18 electrodes per array. The electrodes were 4-in long (10 cm), 35-mil thick (0.9 mm) sleeves of grade 2 titanium. The electrodes were welded to their takeout wires and then moisture-sealed with epoxy. Titanium was selected as an electrode material because it is permanent (requiring no electrolyte), environmentally safe, low corrosivity, and relatively nonpolarizing compared to other metal electrodes. The takeout wires were attached to a 1-cm diameter perforated plastic pipe that served as a stress member and also as a grout tremmie tube. The pipeand-wiring assembly was enclosed in a plastic electricalconduit clamshell for ease of handling. The bottom of the VEA had a small clip to attach to a sacrificial CPT tip 4 ft (1.2 m) below the bottom electrode.
The VEA borings were made by percussion CPT. Because the VEAs did not fit properly within the 2-in (5 cm) CPT rods as designed, the rods were removed and the VEAs were simply placed in the holes: fortunately, the stiffness of the vadose-zone formations allowed the hole to remain open. The holes were backfilled with a fumed silica gel (Cab-O-Sil: Trademark Cabot Corp.), mixed to approximately match the resistivity of the formation. This allowed electrical contact with the unsaturated formation without having to wait months for a standard cement to cure sufficiently that there would be no NLCR signature. It also sealed the holes to prevent vertical migration of DNAPL and other fluids. The fumed silica gel has no significant NLCR signature-as silica with no rough edges it is electrochemically relatively inert. It has sufficiently low viscosity and density when first mixed that it could be pumped into the holes, and is environmentally acceptable (it is a food-grade additive). The overall results demonstrate that the choice of both titanium as an electrode and fumed silica gel as backfill were very successful.
Field NLCR Data Acquisition
The basic CSM measurement system described for the laboratory measurements was also used for the field measurements to generate the current stimulus, digitize the current and voltage waveforms, and process the data. A Crown DC-300A power amplifier was added to put more current into the ground. A gasoline-powered generator, mounted on an insulating plastic box to prevent stray current injection into the ground, provided power and tests were performed to insure cable insulation integrity and isolation. The electrodes were connected by triax double-shielded cables to Intronics IA294 medical instrumentation isolation preamplifiers and then through twisted-pair shielded cables to the 16-bit digitizer and simultaneous sample-and-hold boards in the computers. Low-cost preamplifiers isolated and protected the expensive digitizer boards. They used actively driven shields to eliminate capacitative coupling between the cables and maintain .10 8 differential and 10 11 common-mode input impedance all the way out to the electrodes. Passive shielding minimized powerline and radiofrequency interference. Twisted pair cables minimized cableto-cable inductive coupling. Cable locations and geometries were arranged to further minimize inductive coupling. A sixteen-channel system was used, with channel 0 recording the voltage across a precision power resistor to measure the current going into the ground, and channels 1 through 15 measuring the voltage across pairs of electrodes at various locations. Further field examples and details may be found in Olhoeft (1985) and Olhoeft and Wardwell (1998) , and references cited therein. Data were processed to resistance (without geometry) magnitude and phase, and to total harmonic distortion and Hilbert distortion, along with standard deviations and a determination of signal to noise at 60 Hz. Before each measurement, the spontaneous voltage was removed in all 16 channels by a 9-V battery, potentiometer, and resistor network just before the preamps. After each measurement, the current amplitude was slowly reduced to zero at 100 Hz, to minimize the memory relaxation polarization effect of the metal electrodes (much like AC demagnetizing a ferromagnetic metal). If the latter is not done, there appears to be a long-term SP drift when an electrode is used as a voltage electrode immediately after using it as a current electrode. This procedure was verified by ensuring that the drift rate was reduced to less than several mV/min, which acts only to introduce minor biases to the sine-wave fitting. Occasional large voltage excursions were observed that fit the profile of a nearby cathodic protection system. Such data were repeated or edited out of the later modeling. To maximize our efficiency in the field versus the expected DNAPL response, frequencies from 10 mHz to 10 Hz were measured at 3 points per decade (i.e., 10, 20, 50, 100, 200, 500 mHz, 1, 2, 5, 10 Hz).
Cross-hole measurements were made between each nearest-neighbor pair of VEAs, resulting in seven panels from the five VEAs. Panels are designated by a combination of both VEAs, e.g., MES-6/7. We first attempted to make measurements in the often-used dipole-dipole configuration, in which both transmitting electrodes are in one hole and both receiving electrodes are in the other. However, signal levels were small even when the electrode separations were comparable to the interwell distance. At comparatively high ground currents required to obtain robust responses under this geometry, the input was truncated by polarization and/ or nonlinearity of the electrode and/or ground. Because our approach relies on the injected current waveform maintaining a sinusoidal shape, injected currents had to be restricted to ,5 mA for this experiment. An alternative equatorialdipole configuration was therefore adopted (e.g., Bing and Greenhalgh, 2000) . Here two electrodes at the same depth level in different holes are used for current injection and measurements are similarly made across all other electrode pairs at the 15 different common depths between the holes. This equatorial-dipole geometry has the advantage that it is self-reciprocal in half the number of measurements of the standard dipole-dipole geometry. However, the overall resolution is poorer and 2D interpretation suffers from a reflection ambiguity about an axis running vertically through the center of the panel. The latter is obviated for multiple, relatively closely spaced wells and 3D modeling as in this experiment.
With a 16-channel system there can be one current and fifteen voltage measurements but the VEAs contained 18 electrodes each, so initially the two bottom or most distant electrode pairs were not measured when the source was near the surface. When the transmitter was about halfway down the hole, two channels were switched from the top two pairs of electrodes to the bottom.
In the 3 days of measurements, 1,800 NLCR spectra were acquired. Each spectrum consisted of 10 frequencies from 0.01 to 10 Hz with 1,024 digitized points per current and voltage waveform per frequency. For each frequency, the resistance and phase and their standard deviations, resistance and phase Hilbert distortions, total harmonic distortion, and 60 Hz signal to noise were determined by waveform inversion. This site was challenging in several ways: bad weather, flooding, measuring in the vadose zone, and many nearby sources of cultural noise and interference. The last included powerlines above and below ground, a power substation, moving water, pipelines, railroad tracks, monitoring wells, and extraction remediation systems. Nonetheless, reasonably good data were obtained from the combination of well completion and NLCR measurement approaches.
Data Reduction, Processing, and Imaging
The principal filters for data quality were reciprocity, phase sign, and signal-to-noise ratio (SNR). Reciprocity is calculated by comparing the fractional deviation between measurements that exchange source and receiver electrodes and is assessed separately for amplitude and phase. As reciprocity is an indicator of linearity, it will screen out undesired noise but also certain nonlinearities in the ground that may be indicative of geochemical processes (Olhoeft, 1985 ; see above). Because we have no comprehensive method at present of imaging nonlinear systems, we accept this limitation; however, weak diagnostic distortions can be linearized and imaged (see below). A negative phase should always result where voltage lags current as expected for a resistive-capacitive ground-analog circuit. Inductive coupling and some geochemistry can yield positive phases (Olhoeft, 1985; Jonscher, 1986) ; again, the latter may be of interest, but the commercial imaging program we used can only accommodate the conventional phase. SNR is calculated directly by the acquisition program.
Each crosshole panel contains a maximum of 120 reciprocal data pairs in the 16-channel equatorial-dipole geometry. We found that SNR . 2, amplitude reciprocity ,10%, and phase reciprocity ,30% and ,100% resulted in the best tradeoffs between quality and coverage. Complete sets of results were generated using both phase-reciprocal cutoffs. The number of data on each panel as a function of these criteria are given in Table 1 . The lower number of accepted data on panel MES-6/7 is due largely to lower SNR, with some contribution from a higher proportion of reversed phases, mostly caused by interference from a nearby cathodic protection system. The number of data is smallest on MES-8/6 mostly because of acquisition geometry; due to time constraints, only every other depth pair was measured for this panel.
Despite taking care in cable placement to minimize inductive coupling, some inductive coupling is unavoidable and increases with increasing size of wire array geometries, increasing conductivity in the ground, and increasing frequency. In this dataset and geometry, it is observed as increasing phase above a few Hz, with greater effects appearing at higher frequencies for the deeper electrodes from the larger effective current loop in the ground. Therefore the upper limit to frequency used for analysis was 1 Hz. The lower limit was 50 mHz: additional frequencies below the expected 50-100 mHz peak signature of PCE may have provided complementary information but data quality was observed to degrade below 100 mHz (Table 1) .
During electrode installation, differences in elevation were estimated to the nearest foot (0.3 m) and the total depth of the holes adjusted so that electrode depths would be approximately constant. However, post-installation surveying revealed that the surface elevations of the arrays differ by up to 3.4 ft (1.0 m), leading to vertical errors of 0.2-1.4 ft (6-43 cm). For computational efficiency in the 3D solution, a constant 4-ft (1.2-m) grid spacing in the vertical and horizontal directions was adopted. Roundoff of VEA horizontal positions to grid nodes introduced horizontal position errors up to 10% of the hole-to-hole spacing. The RMS position errors in the electrodes with respect to the numerical grid are therefore approximately 1 ft (0.3 m) in both the horizontal and vertical directions, or approximately 25% and 6%, respectively, of the relevant electrode separations.
The commercial software RES3DINV (Geotomo Software; Loki and Barker, 1996) was used to construct 3D resistivity and phase images from the field data. Preliminary 2D modeling of individual panels using RES2DINV provided a consistency check on the 3D results. Version 2.12h of RES3DINV included some minor custom changes for borehole problems. Default parameters were used throughout, with the exception that the resistivity smoothing was made not to vary with depth and a 4:1 anisotropy factor in the horizontal to vertical smoothing was applied. The horizontally weighted regularization allows the tomographic volume to better follow layered geology at the expense of minor loss in horizontal resolution, as the results below confirm. The code alternates iterative solutions between the resistivity and phase. Although RES3DINV accepts either time-domain or frequency-domain inputs (chargeability or metal factor vs. percent frequency effect or phase angle, respectively), it was mentioned above that the program cannot model reversed-sense (positive) phases and therefore effectively enforces causality in a resistive-capacitive network. In contrast, true frequency-domain complexresistivity codes can handle arbitrary positive or negative phase. The inversion was stopped when the change from the previous iteration fell below 1%; the models at 4-ft resolution (10 3 11 3 19 blocks) typically required about 6 iterations and took about 10 minutes on a 2.8 GHz Pentium 4 computer. The geographically oriented grid encompassed all of the VEA locations and included 2 buffer elements in all directions. The RES3DINV program automatically adds extra buffer elements of geometrically increasing size and applies the Dey and Morrison (1979) quasi-infinite boundary condition. Comprehensive statistics of inversion results are given in Table 2 . Median errors are significantly smaller than RMS misfits, which is a high-level indicator that errors are not randomly distributed (Daily et al., 2004) .
The 3D solutions for amplitude and phase are comparable for the ,30% and ,100% phase-reciprocal data sets (shown at 1 Hz for phase reciprocals ,100% in Fig. 4 ). The general stratigraphy is well recovered: low resistivity in the clay from 0-20 ft (0-6 m), high resistivity in the sand from 20-50 ft (6-15 m), low resistivity in the interbedded sand and silt mixes from 50-65 ft (15-20 m), and again high resistivity in the sand below 65 ft (20 m). Note in particular the two high-resistivity horizons at 30 and 45 ft (9 and 14 m). These represent internal lithological and/or moisture changes within the sand; the former, at least, is confirmed in the earlier CPT logs. Phases are lowest in the upper clay but otherwise do not closely track lithology.
The resistivity Hilbert distortion (expressed as a percentage, %RHD) is automatically computed from broadband complex-resistivity data in the processing program. This key indicator of nonlinearity was also observed to increase in laboratory measurements of A-014 samples containing PCE in situ (Fig. 2) . Although resistivity/IP inversion codes such as the one used here assume linear ground responses, weak nonlinearity can be mapped as follows. First, Hilbert resistivity data q Hd are reconstructed from the measured resistivity q d and resistivity Hilbert distortion %RHD d as
Equation (1) is just the definition of %RHD d from the Hilbert transform, which depends only on the measured resistivity magnitude and phase: no new information is introduced here. These data are processed through the inversion program to produce the Hilbert resistivity model q Hm image. When compared to the image q m produced by inversion of the measured resistivity, the modeled resistivity Hilbert distortion %RHD m is just
RES3DINV was used to produce complementary image volumes of resistivity Hilbert distortion for all of the cases discussed above, specifically, frequencies of 50, 100, 200, 500, and 1,000 mHz using both the 30% and 100% phase-reciprocal data-quality cutoffs.
Interpretation
The laboratory identification of an electrochemical relaxation process due to PCE reacting with smectite clay minerals (see above) suggests that a negative slope in both resistivity and phase at frequencies .50 mHz should be diagnostic of PCE. We retained only the phase and discarded the real resistivity as a contaminant indicator because the former is less affected by lithology and moisture content. In order to obtain smooth trends, the averaged phases at 500 and 1,000 mHz were subtracted from the averaged phases at 50 and 100 mHz. This is comparable to computing a slope in mrad per decade of frequency, except the sign is reversed so that negative slopes form a positive PCE indicator. The distributions for the 30% and 100% reciprocal cutoffs both showed a mode at 2.5 mrad/decade, which was assumed to represent background and therefore was subtracted to obtain the final phase histograms. This background could be due to a variety of interfacial polarization mechanisms (e.g., Vinegar and Waxman, 1984; Ulrich and Slater, 2004) and/or minor polarization of the electrodes and/or backfill. This background will not affect interpretation for PCE as long as a distinct signature of the latter can be demonstrated. Indeed, the phase histograms show a second mode near 2 mrad/decade, especially in the phase reciprocals ,100% (Fig. 5a ). The higher amplitude and smaller spread of this mode supports its interpretation as an anomaly relative to the broader background. Using the intervening minimum of~1 mrad/ decade as a convenient cutoff, the volumetric distribution of PCE according to this indicator is readily visualized (Fig. 6a) .
A second indicator of PCE is available in the resistivity Hilbert distortion nonlinear indicator. This relative value does not depend on absolute resistivity. The absolute values of %RHD at 50 and 100 mHz were averaged for smoothing. The distributions for ,30% and ,100% phase reciprocals both had a mode at about 1% RHD, which was subtracted as background. The final histogram (Fig. 5b for phase reciprocals ,100%) shows a relatively smooth distribution without the distinct secondary peak as observed for the phase slope, although a slope break exists at~2%. The volumetric distribution of PCE using this value as a cutoff is shown in Fig. 6b . The low values of several percent or less distortion justify the linearization assumption above. The fractional differences that define %RHD are smaller than the resistivity data misfits, but the inferred pattern of contamination closely mimics that derived from phase alone. The product of phase slope and resistivity Hilbert distortion can be considered as a joint indicator of PCE. In order to compress the numerical range so produced, the square root of their product was taken. The histogram therefore shows features of both phase slope and %RHD. Notches in the distribution that may indicate transitions between uncontaminated and contaminated material are present at values of 1.5 and 2-2.5 (units are formally [%RHD.mrad/frequency-decade] 1/2 ); the former gives the maximum consistency with the individual volumetric visualizations for phase slope and resistivity Hilbert distortion (Figs. 5c and 6c) . Because the quantitative predictions are scaled version of this indicator (see below), the cutoff value selected here is merely for visual interpretation and does not represent a simple yes/no for PCE.
Ground Truth
Sediment samples were collected after the NLCR survey in order to test the predictions for the distribution of PCE. Note that these samples are distinct from those collected earlier, whose NLCR signatures were used to develop the prediction methods. Samples were collected using a direct penetration rig using one of two methods. The VertekÔ wireline sampling tool uses 2.25-in (57-mm) diameter rods with a removable dummy push tip and a one foot long core barrel with a locking mechanism that fits inside the push rods. The dummy tip is removed and the core barrel is deployed via the wire line at the desired sample collection depth. The rod string is advanced one foot, forcing sediments into the core barrel. The core barrel is then brought to the surface and dummy tip reinserted via Figure 4 . Three-dimensional tomograms of (a) resistivity and (b) phase at 1 Hz sliced along measurement planes, for data satisfying phase reciprocals <100%. View is from the northwest away from the purative source zone. All dimensions in feet; no vertical exaggeration in this perspective view. the wire line. With the dummy tip in place, the rod string is advanced to the next sample collection depth. The wireline tool allows the recovery of multiple soil samples without removing and reinserting the push rod string, significantly reducing the amount of time required to collect sediment samples.
The alternative sampling method was the Gregg In Situ Macro Core system, which uses a 4-ft (1.2-m) long core barrel at the distal end of the penetration rod string with a displaceable tip and plastic core collection tube inserted into the core barrel. The core barrel is pushed to the sample collection depth and the tip unlocking mechanism is actuated. The rods and core barrel are then advanced up to 4 feet, forcing the tip and sediments into the core collection tube. The rod string is then removed from the borehole and the core is collected at the surface. The core barrel and tip are replaced and the string is advanced to the next depth.
A pneumatic hammer system was used to advance the penetration rods when resistance prevented penetration by static pushing. A total of 378 sediment cores from different depths in the vadose zone were collected and more than 700 sediment samples were analyzed (including duplicates) for volatile organic compounds (VOCs). After the core was brought to the surface, a 2 cubic centimeter (cc) sediment plug sample was collected using a modified plastic syringe. The plug was immediately transferred to a 22-ml glass headspace vial with 5 ml of nano-pure water. The vial was then sealed with a crimped Teflon-lined septum top for headspace analysis. Duplicate samples were collected at each depth.
The technique used to prepare and analyze sediment samples for VOC analysis was a modified version of EPA Heated Headspace Method 5021. Each sample was weighed and then analyzed on an HP 5890 Series II or HP 6890 gas chromatograph (GC) using an automated head space sampler at 708C for equivalent water concentrations. The GC was equipped with an electron capture and flame ionization detector connected in parallel. The column was a Supelco-VOCOLÔ megabore borosilicate glass (60 m 3 0.76 mm ID 3 1.5 lm film thickness) specifically developed for volatile priority pollutants (EPA Methods 502, 602, and 8240). Mass soil fractions (ppm, mg/kg) were calculated based on an equal head space volume from 7.5 ml of water standards and nominal 7 ml of water/soil matrix, and were corrected for the mass difference between the soil and water. The gas chromatograph was calibrated using purchased certified mixtures in methanol that were diluted in deionized water to specific concentrations. Two reagent blanks of pure deionized water were included after the high concentration standards to ensure the transfer lines and column were being adequately flushed of residual solvents. A selected suite of compounds was chosen based on the primary contaminants expected at the A-014 outfall which include PCE, TCE, as well as other solvents and expected degradation products of PCE and TCE.
The chemical analyses of sediment samples measure the total mass of contaminant present per unit dry weight of soil sample. These analyses do not distinguish between contaminant mass sorbed to soil organics, dissolved in the soil water, volatilized in soil gas, or present as a separate phase (NAPL). The soil concentration where separate phase PCE, and TCE, must be present in the samples collected at the A-014 outfall was determined using the method of Feenstra et al. (1991) based on equilibrium partitioning theory as described by Rossabi et al. (2003) . Based on this method, the minimum mass fractions for which NAPL PCE and TCE must be present at the A-014 outfall are 61 mg/kg and 320 mg/kg, respectively, using conservative values of porosity, fraction of organic carbon, and moisture content.
Sample borings were made at the midpoints between three of the VEAs (Fig. 1) , as well as two other locations. The observed PCE mass fraction (Fig. 7) varies from ,10 À2 mg/kg to nearly 10 4 mg/kg.
Discussion
Interpretation of the nonlinear complex-resistivity survey and the intrusive sampling and analytical measurements were carried out in double-blind fashion: the NLCR team (RG/GO) had no communication with the sampling/ analysis team (JR/BR) until all work was presented simultaneously to a third party. Here we quantitatively compare the predictions to the observations. No additional processing was performed on either the predictions or observations except smoothing to attempt to partially account for heterogenity and the differences in sampling scale between the NLCR measurements and coring. Among the phase, Hilbert, and combined DNAPL indicators, we found that the resistivity Hilbert distortion for phase reciprocals ,100% gave the best results, and so we restrict analysis here to that quantity (%RHD; recall that a 1% background was removed). The gridded %RHD is compared to the observed PCE soil mass fraction in Fig. 7 . A correlation is qualitatively evident. In particular, the %RHD appears to track PCE mass fraction even where the nonaqueous phase may be absent (log10 PCE concentration ¼ 1.8), indicating that PCE nominally sorbed to organics or in the aqueous phase can still be electrochemically active with smectite.
A scatter plot of the Hilbert distortion vs. the base-10 logarithm of the observed concentration (Fig. 8) indicates that the linear correlation between these quantities is poor (r 2 ¼ 0.11). Nonetheless, there is some indication that high %RHD is associated with high PCE mass fraction. This can be quantified using Receiver Operating Characteristic (ROC) curves, a classic methodology in signal detection theory for binary classification (e.g., Egan, 1975) . For a specified cutoff in the observed concentration (say, 100 mg/kg), all values of the NLCR indicator (%RHD) are tested. The Probability of Detection (PD, or true-positive rate) for PCE is the fraction of the gridded volume elements (voxels) that are above both the specified concentration and the specified indicator value. The Probability of False Alarm (PFA, or false-positive rate) is the fraction of voxels that are above the specified indicator value but below the specified concentration. These two quantities completely specify the truth table, i.e., the true-negative and false-negative rates can be determined from PD and PFA. ROC curves were constructed for log10 concentration values of À2 to 3, i.e., PCE mass fractions of 0.01 to 1,000 mg/kg, with %RHD as the internal parameter in each curve (Fig. 9) . A ''chance diagonal'' of PD ¼ PFA indicates no DNAPL discrimination ability; perfect discrimination of PD ¼ 100%, PFA ¼ 0 would occur in the upper left corner of the plot. At low PCE mass fraction (0.01 to 1 mg/kg) the Figure 7 . Comparison of Hilbert distortion (solid line) and in situ PCE concentration (symbols; note log scale for the latter). PCE mass fraction has heen smoothed with 6-ft (1.8-m) running average and Hilbert distortion is taken from nearest voxel: the RMS offset for the three wells is 2.4 ft (0.7 m).
curves are erratic, but become more stable at higher mass fractions (1-1,000 mg/kg). The optimum discrimination point (maximum distance from the chance diagonal) for the 1,000 mg/kg curve is at PD ¼ 78%, PFA ¼ 29%, which occurs for %RHD ¼ 1.5. Note that such %RHD is close to the value of 2% chosen visually from the histogram.
These results were obtained using the 4-ft (1.2-m) 3D-gridded NLCR results and the 6-ft (1.8-m) smoothed and 4-ft (1.2-m) gridded PCE mass fraction data. The effective resolution is therefore~4 ft (1.2 m). Higher confidence on DNAPL detection can be obtained at lower resolution as follows. The 3D NLCR results were smoothed using a 3 3 3 3 3 boxcar filter, and the raw PCE mass fractions were smoothed using a 15-ft (4.6-m) running average (Fig. 10) . Now the effective resolution is~12 ft (3.7 m), but clearer trends can be distinguished in the %RHD vs. PCE mass fraction scatterplot (Fig. 11) . After excluding several high %RHD outliers, a linear trend (r 2 ¼ 0.8) can be distinguished with log 10 PCE ¼ 1.2 %RHD þ 0.8, for log 10 PCE . 10 mg/ kg. The corresponding ROC curves (Fig. 12) show optimal performance at 1,000 mg/kg, %RHD ¼ 1.5, but is now improved to PD ¼ 100%, PFA ¼ 12%.
There was no unambiguous performance for true positives (high %RHD and PCE mass fraction) by geological unit: the data in the cited regression line are dominated by the top clay, where most of the PCE was present, but also includes some points from the underlying sand. The large %RHD values at intermediate PCE mass fraction that dominate the false positives also occur in the underlying sand. The latter may be due to the smaller proportion of smectite in the sandy units. Better separation was found for the true negatives (low %RHD and PCE mass fraction) in the 50-65 ft (15-20 m) clay and to a lesser extend the sand at depths .65 ft (.20 m). Nonuniform current distributions may also contribute to variable PCEsmectite response and associated NLCR diagnostics.
Conclusions
The present distribution of contaminants at the A-014 outfall is a result of the volume and duration of the solvent releases, unstable flow of the DNAPL through the variably saturated vadose zone, subsequent infiltration of process water and storm water during and after solvent release, and the operation of a soil vapor extraction system. These processes were all operating in heterogeneous sediments deposited in a coastal plain environment with significant fluvial influences. Generally, residual DNAPL is retained in fine-grained sediments in the vadose zone by capillary forces and persists in zones that are not significantly affected by advective flows of gas or water. The soil vapor extraction system operating in the area likely removed much of the residual contaminant in accessible coarse grain material. However, the relatively high moisture content of much of the vadose zone in the test area as a result of continued process and storm water infiltration reduces gas permeability and limits the influence of the SVE system. The water is also retained by capillary forces and can often occlude access to pores containing DNAPL. As a result, solvent transport is limited by liquid diffusion through the water. This extremely slow transport process allows the volatile chlorinated organic solvents to persist over very long periods of time.
The principal goal of this study was to demonstrate the ability of nonlinear complex resisivity to detect DNAPL, and to quantify that ability. The electrode arrays were installed with high spatial data density (5 vertical electrode arrays to image an area ,1,000 ft 2 ) to assure this goal, but in practice the electrode configurations within this array used to image the subsurface were more modest. More electrodes and/or higher signal-to-noise may have further improved the imaging quality through increased resolution and elimination of some of the regularization and smoothing, but very good results were nonetheless obtained.
We found that it is essential to assess the nonlinear complex-resistivity response from material recovered from the subsurface that was contaminated in situ, and not to attempt to infer field responses from laboratory-contaminated materials. The long-term chemical reaction between PCE and smectite clay at this site produced a characteristic nonlinear complex-resistivity signature that could be detected in the field. While a phase peak is one indicator of the reaction, we found that the nonlinear resistivity Hilbert distortion (RHD) was the most reliable PCE indicator. Because these distortions are small, at least in these data, a linearized scheme was able to image the three-dimensional RHD. PCE detection at 1,000 mg/kg with 4-ft (1.2-m) resolution was achieved at a true-positive rate of~80% and a false-positive rate of~30%. The detection ability for 1,000 mg/kg at 12-ft (3.7-m) resolution can be characterized as nearly perfect (100% true-positive rate at 12% false-positive rate). This is a site-specific result, depending on the general geology, types and abundances of clay minerals, types of organic contaminants, and experiment geometry. We anticipate, however, that these results can be directly applied to time-dependent imaging (e.g., Ramirez et al., 1995; Daily et al., 1998) of the remediation of this site, and the protocol that we have demonstrated is applicable to other sites as well.
The most significant aspect of this work is quantitative demonstration of the capability of nonlinear complex resistivity to detect DNAPL at parts-per-thousand soil mass fraction in the ground.
